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ABSTRACT: Structure and morphology development during the isothermal crystallization
and subsequent melting of syndiotactic polypropylene (sPP) was studied with differential
scanning calorimetry (DSC), time-resolved simultaneous small-angle X-ray scattering
(SAXS), and wide-angle X-ray diffraction (WAXD) methods with synchrotron radiation.
The morphology of sPP isothermally crystallized at 100 °C for 3 h was also characterized
with transmission electron microscopy (TEM). Time- and temperature-dependent param-
eters such as the long period (L), crystal lamellar thickness (/,), amorphous layer thickness
(1), scattering invariant (@), crystallinity (X_), lateral crystal sizes (L4, and L), and unit
cell dimensions (a and b) were extracted from the SAXS and WAXD data. Results indicate
that the decreases in L and [, with time are probably due to the formation of thinner crystal
lamellae, and the decreases in a and b are due to crystal perfection. The changes in the
morphological parameters (@, X,, L, and [,) during subsequent melting exhibited a two-
stage process that was consistent with the multiple melting peaks observed in DSC. The
two high-temperature peaks can be attributed to the melting of primary lamellae (at lower
temperatures) and recrystallized lamellae (at higher temperatures). An additional minor
peak, located at the lowest temperature, was also visible and was related to the melting of
thin and defective secondary lamellae. TEM results are consistent with the SAXS data,
which supports the assignment of the larger value (/;) from the correlation function analysis as
.. WAXD showed that the thermal expansion was greater along the b axis than the a axis
during melting. © 2001 John Wiley & Sons, Inc. J Polym Sci Part B: Polym Phys 39: 29822995, 2001
Keywords: syndiotactic polypropylene; crystal structures; morphology; isothermal
crystallization; multiple melting; SAXS; wide-angle X-ray diffraction (WAXD)

INTRODUCTION

Polypropylene has become one of the most useful
commodity polymers today. It has many attrac-
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tive properties, including a relatively low price. In
semicrystalline polymers, the structure and mor-
phology can directly affect the final properties.
Thus, there has been a continuing interest in
understanding the structure—property relation-
ships of stereoregular polypropylenes.!™ Exten-
sive studies have been carried out for isotactic
polypropylene (iPP; e.g., ref. 2). In contrast, there
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are fewer studies for syndiotactic polypropylene
(sPP) because of the later development of highly
syndioregular polypropylene.

Highly stereoregular sPP samples have been
made available mainly because of the new metal-
locene-catalyst technology.®® Several studies
dealing with the morphology, crystalline struc-
ture, and thermal properties have been reported.'®~7
For the real-time development of structure and
morphology, only a few studies exist. For exam-
ple, Ohira et al.l” investigated the crystal trans-
formation and structural changes of the planar
zigzag form (IIT) in sPP during the heating pro-
cess by differential scanning calorimetry (DSC),
wide-angle X-ray diffraction (WAXD), and high-
resolution, solid-state *C NMR spectroscopy.
Cheng et al.!? studied the crystallization, melt-
ing, and morphology of sPP fractions by polarized
light microscopy, electron diffraction, and WAXD.
They reported that the dominant crystalline
structure of sPP was spherulitic, even though the
spherulite superstructure was restricted and the
average dimension was small. They also investi-
gated the in situ crystal growth and subsequent
melting of sPP single crystals (grown from melt
crystallization) with transmission electron mi-
croscopy (TEM) and atomic force microscopy.'®

In this article, the time evolution of the struc-
ture and morphology during isothermal crystalli-
zation and subsequent melting in sPP is investi-
gated by simultaneous small-angle X-ray scatter-
ing (SAXS) and WAXD techniques. SAXS was
used to investigate the lamellar morphology, and
WAXD was used to study the crystal unit cell
information. DSC was also employed to monitor
the heat flow during isothermal crystallization
and melting; the results were compared with the
changes in the structural and morphological pa-
rameters extracted from the X-ray data. TEM was
further used to provide direct information on
crystal lamellae in real space. The objective of
this study is to provide a better understanding of
the structural and morphological development
during crystallization and melting in sPP.

EXPERIMENTAL

The experimental sPP sample was prepared by a
metallocene-catalyst process. The gel permeation
chromatography data showed that the sPP sam-
ple had a number-average molecular weight (M)
of 86,100, a weight-average molecular weight
(M,,) of 173,900, a z-average molecular weight

(M) of 286,200, and an M /M, value of 2.02.'®
The sPP sample exhibited a triad distribution of
4.00% (mass fraction) isotactic, 10.76% heterotac-
tic, and 85.24% syndiotactic, as determined by
NMR. The pentad [rrrr] content in mass fraction
was 69.39%. The NMR pentad distribution can be
interpreted as containing 24 single unit stereoer-
rors per 1000 monomer units and 20 stereoinver-
sions per 1000 monomer units. The analysis
showed evidence for stereoerrors, probably due to
both catalytic-site control and chain-end control.
This analysis indicated that the chosen sPP sam-
ple was not highly stereospecific but instead was
stereoblocky, with predominantly syndiotactic se-
quences and a small fraction of atactic sequences.

The samples were compression-molded into 1
mm thick and 7 mm diameter disks with a Carver
press'® at 160 °C for 5 min (under a pressure of
13.8 MPa) and were cooled to room temperature
(=25 °C). Pinhole-collimated simultaneous SAXS
and WAXD measurements were conducted at the
Advanced Polymers Beamline X27C (A = 1.307 A)
at the National Synchrotron Light Source
(Brookhaven National Laboratory). Two linear
position-sensitive detectors (European Molecular
Biology Laboratory) were configured for simulta-
neous data acquisition. Isothermal crystallization
measurements were carried out with a dual-
chamber temperature jump apparatus, which has
been described elsewhere.?° The sample was held
at a temperature of 170 °C for 10 min to reach an
equilibrium melt (the nominal melting tempera-
ture of sPP was 160 °C) and was jumped to tem-
peratures of 73, 83, 93, 101, and 113 °C for crys-
tallization measurements. The temperature fluc-
tuation was *£0.5 °C. The data collection times for
73, 83, 93, 101, and 113 °C were 20, 69, 95, 138,
and 165 min, respectively. These measurement
times were determined by the crystallization rate
at each temperature. The measurement was ter-
minated when the collected SAXS and WAXD
signals were visually unchanged. Both X-ray pro-
files (SAXS and WAXD) were collected in 30 s
increments. The data were normalized for inci-
dent beam fluctuations. The sample-to-detector
distance for SAXS was 1460 mm. The SAXS angle
was calibrated with a silver behenate standard.
The WAXD pixel resolution and the intensity
were calibrated by a comparison of the synchro-
tron data with the Siemens Hi-Star X-ray diffrac-
tometer data (Cu Ka) collected in the 6-6 reflec-
tion mode and corrected for detector nonlinearity
and empty-beam scattering. The angular scale of
the synchrotron WAXD data (A = 1.307 A) was
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converted to a scale corresponding to A = 1.542 A
for presentation and discussion.

A PerkinElmer DSC7 instrument was used to
collect the DSC scans. This instrument was cali-
brated with an indium standard (at 20 °C/min).
The samples used for DSC were 5-10 mg. The
chosen crystallization temperatures were 73, 83,
93, 101, and 113 °C, respectively, which were the
same as those used for the synchrotron X-ray
experiments. The subsequent melting scan was
measured at a heating rate of 2 °C/min. For com-
parison, a heating rate of 10 °C/min was also used
in DSC measurements.

The sPP film after isothermal crystallization at
100 °C (3 h) was quenched to room temperature
and microtomed for TEM observation. TEM spec-
imens were cryofaced at —30 °C to produce a
deformation-free surface with a glass knife and a
cryogenic ultramicrotome (Reichert Ultracut E
w/FC4D cryostage). A RuO, staining solution was
prepared by the addition of 1 mL of a NaOCl
aqueous solution (10% mass fraction; Aldrich) to
0.02 g of RuCl;—nH,0 in a 5-mL vial, good mixing,
and immediate capping. The cryogenically sec-
tioned sample was suspended from the inside of
the cap in the vial containing 1 mL of the RuO,
solution for 7 h. The samples were then removed
from the vial and allowed to degas in a hood for
several more hours. Ultrathin-sectioned films (ca.
700—750 A thick) were cut at ambient tempera-
ture with a diamond knife and collected in a wa-
ter floatation bath. Sectioned films were collected
onto 200-mesh carbon-coated TEM grids. Images
were acquired with a JEOL 2000FX TEM (at 160
kV) and a Gatan MSC-794 CCD.

RESULTS AND DISCUSSION

Figure 1 shows typical three-dimensional SAXS
and WAXD profiles during the isothermal crystal-
lization of sPP at 101 °C and the subsequent
melting. In the initial crystallization stages [Fig.
1(a)], the first several SAXS profiles exhibit a
sharp monotonous decrease in intensity near the
beam-stop position. This low-angle diffuse scat-
tering upturn is frequently observed during time-
resolved SAXS measurements of crystallization
or melting in polymers and is particularly pro-
nounced either at the beginning of crystallization
or at the end of melting. During the induction
period of crystallization, there is a gradual in-
crease in the intensity of the low-angle scattering
upturn. A scattering maximum at a higher value

of the scattering vector g (=47/A sin 6, where A is
the wavelength and 26 is the scattering angle)
also emerges. In the late stages of isothermal
crystallization, the SAXS peak becomes well de-
veloped and constant, and the intensity of the
low-angle upturn remains unchanged. The SAXS
peak can be attributed to the lamellar structure
in spherulites, which have been verified by TEM
observation of the sPP sample isothermally crys-
tallized at 100 °C for 3 h. [Note that there is a
small bump (g ~ 0.077 A1) seen in all SAXS
profiles that is due to the physical defect of the
detector. This defect was corrected for the data
analysis, which did not affect the final SAXS re-
sults.] In the WAXD data [Fig. 1(b)], the initial
profiles show a broad amorphous peak. The evo-
lution of the orthorhombic crystal structure can
be followed by the appearance of {200}, {010},
and{111} reflections, which are marked in Figure
1(b). This orthorhombic structure in sPP is a lim-
it-disordered form I structure, with typical unit
cell dimensions of a = 14.5 A, b=56 A, and ¢
= 7.4 A, that has been reported in melt-crystal-
lized samples with poor syndiospecificity.®2%22
Our results are consistent with the previous re-
ports. During subsequent heating from 101 to 150
°C at a 2 °C/min rate [Fig. 1(c)], the SAXS peak
shifts to lower g values, indicating an increase in
the long spacing. Eventually, the distinct SAXS
peak changes into a scattering shoulder at higher
temperatures and completely disappears near the
melting point. There is a significant increase in
the intensity of the diffuse scattering upturn dur-
ing heating. A maximum diffuse intensity profile
is seen right before final melting takes place [as
seen in Fig. 1(d)]. The strong diffuse scattering
upturn at low angles is probably due to the disor-
dered structures formed in the heterogeneous
melt. The mean size of these disordered struc-
tures (several hundred angstroms) is larger than
the lamellar spacing of sPP but is still within the
detection range of SAXS. Similar observations of
the low-angle scattering upturn have been made
in semimiscible semicrystalline/amorphous blends
[iPP/atactic polypropylene (aPP)], which have
been attributed to the morphology containing the
aPP-enriched domains excluded from the iPP la-
mellar microstructures.* This observation is
made from a single-component polymer system
(sPP), which is not due to the phase separation;
rather, it reflects the heterogeneous nature of
crystal microstructures formed during crystalli-
zation and melting. The corresponding WAXD
profiles during heating show gradual decreases in
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Figure 1. Time-resolved (a) SAXS and (b) WAXD patterns during the isothermal
crystallization of sPP at 101 °C and (c) SAXS patterns and (d) the intensity near the
beam-stop position during subsequent melting at a heating rate of 2 °C/min.

the intensities of crystal reflections. During care-
ful examinations, we find that the changes in
SAXS and WAXD profiles during isothermal crys-
tallization and melting show almost identical
trends.

For time-resolved SAXS profiles in semicrys-
talline polymers, the procedures for analyzing
morphological parameters have been well docu-
mented.?> 2 The procedures usually involve the
use of the correlation function and interference
distribution function to extract parameters such
as the scattering invariant (@), the long period
(L), and two thicknesses of the constituent phases

(l; and [,, the crystal and amorphous thickness-
es). The assignment of the value representing the
crystal thickness has to be carefully justified by a
comparison of the SAXS and WAXD results with
other independent measurements such as DSC or
TEM.?>2 In this work, the assignment of the
crystal lamellar thickness (I,) from the SAXS
analysis has been based on TEM observations,
which are discussed later.

From the WAXD profile, the peak positions,
peak heights, peak widths, and integrated inten-
sities of all crystal reflections and the amorphous
background have been extracted with a custom
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Figure 2. Peak deconvolution of the WAXD profile of
sPP at 101 °C for 8100 s.

code capable of deconvoluting the time-resolved
spectra. Two Gaussian peaks (located at 26 values
of ca. 15 and 19°) riding on a constant-valued
baseline were used to fit the amorphous back-
ground (the WAXD pattern from the amorphous
melt was used for this purpose). The amorphous
background cannot be efficiently described by a
single Gaussian peak. All crystal reflection peaks
were also fitted with Gaussian functions. By di-
viding the total intensities of the crystalline re-
flections (I,) to the overall diffraction intensity
(Ziota1)s We obtained a measure of the apparent
mass fraction of the crystalline phase (X_) in the
sample. Because of the possible defects in the
crystal lattice as well as thermal disordering at
high temperatures, the measured value of I, may
be lower than the true value. We note that with
this deconvolution method, the sample has been
assumed to possess an ideal two-phase structure
(crystalline and amorphous), which is the crite-
rion for defining the term crystallinity. Because
the crystal reflection signals are extremely weak
during the early stages of crystallization, the de-
termination of the crystallinity is stopped when
the crystal reflection {200} cannot be identified.
Figure 2 illustrates the typical WAXD deconvolu-
tion results for sPP isothermally crystallized at
101 °C for 8100 s. From the peak positions and
peak widths of {200} and {010}, the orthorhombic
unit cell parameters ¢ and b and the lateral crys-
tal sizes Ly, and Ly, (by the Scherrer equation)
can also be calculated.?®

Figure 3 shows typical time-evolution profiles
of morphological parameters extracted from
SAXS [L, [., [, (interlayer amorphous thickness),

and Q] and WAXD [X, (apparent mass crystallin-
ity), @ and b, and Lyy, and Lg;,] for sPP during
isothermal crystallization at 101 °C. Figures 4-7
summarize the changes in the morphological pa-
rameters extracted from SAXS and WAXD for
sPP during subsequent melting from different iso-
thermal crystallization temperatures. For com-
parison, DSC heating scans with the same heat-
ing rate (2 °C/min) are also included. The first
derivative curve of @ (dQ/dT) is plotted for com-
parison with the DSC heating curve. Several dis-
tinct features observed in Figures 3-7 can be
summarized as follows.

First, the primary isothermal crystallization
period can be characterized as the time period of
to <t < t., where t, represents the onset time
when @ and X, begin to increase and ¢, repre-
sents the onset time when the increases in @ and
X, become significantly retarded. During this pe-
riod, the SAXS patterns show only a weak scat-
tering shoulder, and the morphological parame-
ters of L, [, and [, cannot be calculated from the
correlation function with good confidence. During
the secondary crystallization period (¢ > ¢.5), L
and [, (assigned as the larger value of /,, which is
discussed later) decrease with time. The decreas-
ing values in [, and L can be attributed to the
formation of secondary (thinner) lamellae be-
tween the primary (thicker) lamellar stacks (this
is because [, remains almost constant during
crystallization).24? The rate of decrease is slower
at lower crystallization temperatures because of
the reduced chain mobility. The smaller value of
the thickness (/;) from the SAXS measurement
was assigned as the crystal thickness by Strobl
and coworkers,?132 who used interface distribu-
tion function analysis. The different assignments
of I, and [, have led to very different physical
interpretations of the crystallization behavior.

Second, both WAXD X_ and SAXS @ show sim-
ilar trends of rapid increases in value during pri-
mary crystallization. Afterward, a continuous in-
crease in X, and an almost constant value of @ are
observed during secondary crystallization.

Third, because of the very weak crystal reflec-
tion peaks in WAXD during primary crystalliza-
tion, the unit cell dimensions and lateral crystal
sizes cannot be calculated. During secondary
crystallization, a and b decrease very slightly
with time at higher crystallization temperatures
(93 and 101 °C) but decrease significantly at lower
crystallization temperatures (73 and 83 °C). This
can be attributed to the defective crystal struc-
ture formed at lower crystallization tempera-
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Figure 3. (a) Time evolution of L, [, and [, (top) and
SAXS @ and WAXD X, (bottom) during the isothermal
crystallization of sPP at 101 °C and (b) time evolution
of a and b (top) and Ly, and L, (bottom) from WAXD
profiles during the isothermal crystallization of sPP at
101 °C (the solid lines are obtained by linear fitting).
The relative standard deviations for the fits of a, b,
L,oo, and Ly, are less than 1, 1, 1, and 2%, respec-
tively, and are suitable for the data in Figures 4-8.

tures, which is then driven to crystal perfection
by long-time annealing. The contraction of the
unit cell dimensions during isothermal crystalli-

zation has also been observed in other poly-
mers.?>3% Ly, (162 A) and Ly, (108 A), however,
remain about constant during secondary crystal-
lization.

Fourth, when isothermally crystallized sPP
samples are heated at a 2 °C/min rate immedi-
ately after crystallization, the changes in the mor-
phological parameters (@, X., L, and [.) appear to
follow a two-stage process. These two stages are
consistent with the multiple melting endothermic
peaks observed in the DSC scan. The first deriv-
ative curve of @ (dQ/dT) clearly illustrates this
correlation [Figs. 4(a)-7(a)]l. The dQ/dT curve also
exhibits two primary transition peaks. The peak
temperatures appear to occur at higher values
than those in DSC. The difference in the peak
temperatures between d@Q/dT and DSC is due to
the different nature of the technique; that is, DSC
detects the heat flow, and SAXS detects the den-
sity contrast change. It is reasonable to argue
that the contrast change may lag behind the heat
flow because the polymer chains require some
time to reorganize themselves after melting.

The two-stage process is also evident in the
changes in L and [, during melting. Both L and [,
show notable increases immediately after the first
melting endotherm (7,,;). The increases suggest
that a significant portion of the lamellar struc-
tures generated by isothermal crystallization be-
come molten during the first melting process. The
second melting peak is related to the recrystalli-
zation and melting process. The recrystallization
process coincides with the appearance of a hump
in the L profile [marked by an arrow at the high-
est temperature in Figs. 4(a)-7(a)]. Larger (thick-
er) lamellae are formed during the second stage
because of higher crystallization temperatures (or
lower degrees of undercooling).

Fifth, the step-change behavior in unit cell pa-
rameters and lateral crystal sizes during heating
is seen in Figures 4(b)-7(b). For example, Figure
4(b) (samples isothermally crystallized at 101 °C)
shows a slight increase in a before 127 °C and a
decrease afterward. In contrast, a remains about
constant before 120 °C and decreases afterward
[Figs. 5(b)-7(b), with crystallization tempera-
tures of 73, 83, and 93 °C, respectively). The lin-
ear extrapolation of each step is listed alongside
the data fit. The aforementioned behavior can be
explained as follows. At high temperatures (>101
°C), sPP can crystallize into a relatively perfect
form, enabling the effect of thermal expansion (an
increase in a) to be dominant upon subsequent
heating. At low crystallization temperatures (<93
°C), sPP crystallizes into a more defective form



2988 WANG ET AL.

150 4 \\ o L
o v la
< 120 4 \ \:Dm: e . L
[ \ Djj'tmj:‘JEA O Agy
g 90 1 e ahaaaka 44
< ana A
Z 60 =
A 30 |
WWW\WWWVVVWvavavww
0 T T T T T
0.30 0.032
0.25 =
.25 | =
0024 3
0.20 N
9 o1s L 0016 &
>< . b -
5
0.10 A I 0.008 -~
<
0.05 - -
- 0.000 £
0.00
33
= 0
S 32
z =
2 31 - 3e—5—5
= Q
LT: 30 L -6e5
o]
(]
T o9
29 - -9e-5
 — T T N T T

100 110 120 130 140 150 160

Temperature (°C)

(@

—_ R
o 14.1 7 A=13.96 A A=14.43 A
g B=4.61E-4 A/°C B=-3.22E3 A/°C
5 o
b 14.0 4
= 13.9 e a
A 561 L ©
) Lo
el
Y 55 > s
= A=550 A A=SI8A
5 B=122B-4 AFC  B=280B-4 ArC
5.4 -
T T T T
200
A=2622 A
hbabe sy, B= 084 AFC
= 150 e
N v vy v
- vV vy % v s Ly
._]c 100 4 vv . v v % > v Lom
t~c 7 v
< v N
& A=2653 A
)J o
50 B=-1.24 A/°C
4] T T T T T T

100 110 120 130 140 150 160

Temperature (°C)
(®)

Figure 4. (a) Time evolution of SAXS L, [, and [,
(top), SAXS @ and WAXD X_ (middle; the solid curves
are obtained by five-point, adjacent, smooth averaging),
and DSC heat flow and dQ/dT (bottom) during the
subsequent melting of sPP from 101 °C and (b) time
evolution of a and b (top) and Ly,, and Ly, (bottom)
from WAXD profiles during the melting process of sPP
from 101 °C (the solid lines are obtained by linear

such that competition between thermal expansion
(an increase in a) and crystal perfection (a de-
crease in a) takes place, resulting in a constant
value of a. Comparing the changes in a and the
DSC results, we find that a increases or remains
constant in the region before the second endo-
therm. During the second endothermic transition,
a notable decrease in a is seen that is related to
the process of recrystallization.

The evolution of b also indicates a step-change
behavior but in a different fashion. b remains
constant or increases slightly below a different
onset temperature [120 °C in Fig. 4(b), 113 °C in
Fig. 5(b), and 110 °C in Fig. 6(b)] and exhibits an
increase afterward. In Figure 7(b), where no clear
step-change behavior is seen, b increases almost
continuously during heating from the crystalliza-
tion temperature (73 °C). As mentioned earlier,
the change in the unit cell parameters is a result
of two opposite effects: (1) contraction due to crys-
tal perfection and (2) expansion due to thermal
vibration. The effect of thermal expansion on b
appears to be much more pronounced than that
on a (as seen by the large increase in b at low
temperatures). This is consistent with the report
by Lovinger et al.?® that the thermal expansion
coefficient is greater along the b axis than along
the a axis in sPP. Molecular simulations of the
temperature dependence of sPP crystals carried
out by Lacks and Rutledge3” suggested that its
thermal expansion anisotropy arises from the
larger thermal stress, lower chain stiffness, and a
smaller Poisson coefficient along the b axis. The
average onset temperature (ca. 110-120 °C),
where the step-change in the unit cell parameters
(e and b) is seen, somewhat coincides with the
regime II-III transition temperature (ca. 110 °C)
during the crystallization of sPP?® as well as the
melting temperature of the first endotherm.

In addition to the unit cell parameters, Ly,
and L, also exhibit a step-change behavior. In
Figures 4(b)-7(b), both L., and Ly, remain
about constant before the onset temperature (ca.
110-120 °C, similar to the values for a and b) and
decrease afterward. This behavior was also re-
ported by Cheng et al.!? The decrease in crystal
sizes after the first endotherm suggests that more
perfect crystals are formed during the recrystal-
lization process.

fitting within an appropriate temperature range; the
constants A and B represent the intercept and slope of
the linear fitting, respectively].
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Figure 5. (a) Time evolution of SAXS L, [, and [,

(top), SAXS @ and WAXD X_ (middle; the solid curves
are obtained by five-point, adjacent, smooth averaging),
and DSC heat flow and dQ/dT (bottom) during the
subsequent melting of sPP from 93 °C and (b) time
evolution of a and b (top) and Ly,, and Ly, (bottom)
from WAXD profiles during the melting process of sPP
from 93 °C (the solid lines are obtained by linear fitting

Figure 8(a) summarizes the plateau long pe-
riod (L*), plateau lamellar thickness ([.*), and
plateau amorphous thickness (I,*) of sPP after
isothermal crystallization at long times. Both L*
and [.* increase with crystallization temperature,
whereas the increase in [,* is only minor. This
phenomenon is similar to the recent findings in
several semicrystalline polymers, including poly-
(butylene terephthalate) (PBT),?® poly(ethylene
terephthalate) (PET),?® nylon-66,2" poly(glycol-
ide-co-lactide) (PGA-co-PLA),2° and iPP.2° The
value of L* in Figure 8(a) is smaller than the
value obtained from a different sPP sample (with
a similar molecular weight) under the same crys-
tallization conditions in ref. 5. The difference in
L* may be due to the poor stereospecificity of the
sPP sample in this study, which is evident from
the lower heat of fusion (AH) and lower melting
temperature (7,,) with respect to those of the
higher stereospecific sample (AH ~ 45 vs 60 J/g
and T, =~ 145 vs 150 °C).

The increase in [.* at higher temperatures can
be rationalized by the thermodynamic factors
driven by the higher chain mobility and the
greater ability of polymer segments to disentan-
gle. We have adopted the approach of Spruiell et
al.?? to analyze these results. Based on their
method, the temperature-dependent lamellar
thickness can be fitted by a simple equation, [.* =
D,/AT + D,, where D, and D, are constants and
AT (Ty, — T,, where T%, is the equilibrium melting
temperature and 7' is the crystallization temper-
ature) is the degree of undercooling. As discussed
in their article, two different values of T%, for sPP
were estimated: (1) 166.3 °C from the Gibbs—
Thomson extrapolation method and (2) 184.7 °C
from the nonlinear Hoffman—-Weeks extrapola-
tion method. We have also used these two esti-
mated T, values to analyze the SAXS results (the
sample in our study appears to be similar to the
sample in the study of Spruiell et al.). We ob-
tained the following results. The thick solid line
shown in Figure 8(a) (/¥ and L* are measured in
angstroms, and 7, is measured in degrees Cel-
sius) represents the fitted curve with 7%, = 166.3
°C, which yields D, = 3970.7 A °C, D, = 7.5 A,
and R = 0.975, where R is the correlation coeffi-
cient of the fit. When T, =184.7 °C is used, the

within an appropriate temperature range; the con-
stants A and B represent the intercept and slope of the
linear fitting, respectively].
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Figure 6. (a) Time evolution of SAXS L, [, and [,
(top), SAXS @ and WAXD X_ (middle; the solid curves
are obtained by five-point, adjacent, smooth averaging),
and DSC heat flow and d@Q/dT (bottom) during the
subsequent melting of sPP from 83 °C and (b) time
evolution of a and b (top) and Ly, and Ly, (bottom)
from WAXD profiles during the melting process of sPP

fitted curve gives D; = 6381.8 A°c, D,=-175 A,
and R = 0.971. Both fits show good R values.
However, when T = 184.7 °C is used, D, be-
comes negative, which has no physical meaning.
Consequently, the T, = 166.3 °C is more reason-
able according to this study.

The determination of [.* in this article is di-
rectly calculated from the correlation function,
whereas the lamellar thickness in Spruiell et
al.’s?? study was calculated as the product of L
and WAXD X_.?? The difference between these
two calculations is quite significant because the
sPP sample with poor syndiospecificity has a rel-
atively low crystallinity. The true crystal thick-
ness can be significantly underestimated in sam-
ples of low crystallinity with the latter ap-
proach.?* The justification of the crystal thickness
determination is provided later.

To grasp the issue of crystallinity, we have
carried out the following analysis. In Figure 8(b),
we compare X, calculated from DSC and X_ from
WAXD at different temperatures. The heat of fu-
sion values for sPP with 100% crystallinity (AH?)
given in the literature vary between 6.9 and 8.7
kJ mol ! (based on per propylene units
C,;Hy).3%4° Both values (6.9 and 8.7 kJ mol ')
were used in this study to calculate DSC X, [Fig.
8(b)], and the results are indicated by the differ-
ent symbols. WAXD X_ shows a very slight in-
crease with T,, which is normally observed in
polymer crystallization. In contrast, DSC X,
shows a notable decrease with 7,. We rationalize
the difference as follows. WAXD X, directly mea-
sures the relative content of the crystal phase
formed during the isothermal crystallization pro-
cess, whereas DSC X, detects the total enthalpy
change, which is more sensitive to any process
that will induce heat flow. We feel, at a 2 °C/min
heating rate, the system has ample time to recrys-
tallize at lower temperatures. As a result, DSC X,
shows a slight decrease with 7', as the total en-
thalpy change is reduced. The smaller value of X,
from DSC may also be due to the difficulty in
properly determining the background in the DSC
thermogram. Another reason may be that the AH?
values quoted in this article are probably at the
high end of the published range (values as low as

from 83 °C (the solid lines are obtained by linear fitting
within an appropriate temperature range; the con-
stants A and B represent the intercept and slope of the
linear fitting, respectively].



STRUCTURE AND MORPHOLOGY DEVELOPMENT IN SPP 2991

-
©
(=]

150 1 \ o L

© N
S o
~
=
—
L Sl
‘\
3
> <

Distance (A)
E
S
L3

w
o o
!

0.30
0.25
0.20
0.15 4
0.10 4
0.05 1
0.00 o

Xc

28.8

28.2

—o— dQMT

27.6 - Heat Flow ° X
27.0 /\/\/

T T T T T T T T

T
70 80 90 100 110 120 130 140 150 160

Heat Flow (a.u.)

Temperature (°C)

(2)

o 1411 gjtgéi\/&/“c A=l418 A
~ e o B=- 1.26E-3 A/°C
B : D
5 140 s
5 13.9 ) b
8 561 A=539A
% B=1.18E-3 A/°C
u__
C 55 q et o
=
5
54 1 T T T T T
200 _ X .
A=T68.76 A A=2180 A
B=-0.10 A"C Be - 0.55 ASC
N A
~~ A
150 |
oif‘/ o7 Q“”‘ s Ly,
o ¢ VT oy Y o L
= W v 010
— 100 & \Jv " Vvvvvvv v
"O v
’_i?. A=91.8 A
50 A B=0.21 A/°C
O
70 80 90 100 110 120 130 140 150 160
Temperature (°C)
(b)
Figure 7. (a) Time evolution of SAXS L, [, and [,

(top), SAXS @ and WAXD X_ (middle; the solid curves
are obtained by five-point, adjacent, smooth averaging),
and DSC heat flow and dQ/dT (bottom) during the
subsequent melting of sPP from 73 °C and (b) time
evolution of @ and b (top) and Ly, and L, (bottom)
from WAXD profiles during the melting process of sPP
from 73 °C (the solid lines are obtained by linear fitting
within an appropriate temperature range; the constants

4.4 kJ mol ! have also been reported®*!). Be-
cause we are mostly interested in the tempera-
ture dependence of relative crystallinity in this
study, the true value of AH? is not critical for the
analysis.

Figure 9(a) shows the heat flow during isother-
mal crystallization at 93 and 101 °C, respectively.
The times ¢, and ¢, are marked to indicate the
start and end times of the exothermic crystalliza-
tion process at 93 °C. These characteristic times
(from DSC) are compared with similar time pa-
rameters obtained from SAXS measurements
[Fig. 3(a)]l, as shown in Figure 9(b). The crystal-
lization start and end times exhibit a similar
trend of change (exponential-like) with 7', from
these two techniques. The DSC data, however,
show a larger range between ¢, and ¢, than SAXS
(t.; and ¢.y), especially at higher T ’s. The higher
the T, is, the larger the discrepancy is between
the start and end times. This suggests that nu-
cleation is prolonged at higher temperatures be-
cause of large Brownian motions of polymer
chains.

Figure 9(c,d) shows DSC heating scans of the
samples crystallized at different values of 7', at 2
and 10 °C/min rates, respectively. These samples
were isothermally crystallized under the same
conditions used for the X-ray measurements. At
the 2 °C/min heating rate, dual endotherms (in-
dicated by I and II) are seen at all T’s. At the 10
°C/min heating rate, dual endotherms are not
observed at high 7 ’s. The peak temperature of
the lower melting endotherm is represented by
T.1, and the peak temperature of the higher
melting endotherm is represented by T, The
corresponding enthalpy changes are represented
by AH, and AH,, respectively. Figure 10(a,b)
shows the endothermic peak temperature and the
corresponding enthalpy change as a function of 7',
measured at the 2 °C/min rate. With the increase
in T, both T, and T, , increase, with T, ; show-
ing a much greater rate. In Figure 10(b), when T,
increases, AH, increases, AH, decreases, and the
total enthalpy change also shows a slight de-
crease. Comparing this data to the time evolution
of the SAXS morphological parameters, we can
reasonably conclude that the dual melting peaks
can be attributed to the melting of primary lamel-
lae (T',,;) and the recrystallization—-melting pro-

A and B represent the intercept and slope of the linear
fitting, respectively].
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cess (T.,,5), respectively. We note that there are
two additional minor endotherms located at the
very low and very high temperatures. The highest
temperature endotherm (=~156.8 °C) has a con-
stant peak temperature independent of T, and
the heating rate. This endothermic peak, occur-
ring beyond the melting range of sPP, is not re-
lated to the melting of some impurities in sPP
because the peak is also present in the back-
ground (empty-pan) scan. The lowest endotherm
(marked T,,,) increases with T, as well as the
heating rate. At 2 °C/min, T, is consistently 5-7
°C higher than T, (except at 73 °C, where the
difference is 16.6 °C). At 10 °C/min, T',,,, is approx-
imately 11 °C higher than 7T'.. This low endotherm

is widely known in semicrystalline polymers and
is induced by isothermal annealing. The melting
of the secondary thinner or small defective lamel-
lae can be attributed to this endotherm; this is
consistent with the observation that above this
lowest endothermic temperature, there is a visi-
ble increase in the long period and lamellar thick-
ness as shown in Figures 4(a) and 7(a) (marked by
the dash arrow). The melting behavior of sPP is
very similar to that of PET, for which triple melt-
ing behavior has also been reported.?® Recently,
studies of isothermal melt- and cold-crystalliza-
tion kinetics and subsequent melting behavior of
sPP by DSC were carried out by Supaphol and
Spruiell.*> Our results and interpretation are
quite consistent with theirs.

Because we are dealing with the subject of the
time evolution of morphological parameters by
SAXS in reciprocal space, it is very important and
necessary to first identify the morphology in real
space. One of the problems pointed out earlier is
that the larger thickness in the two-phase model
determined from the SAXS correlation function
analysis can be assigned as either /. or [,; this
needs to be verified by other independent tech-
niques such as TEM. Figure 11 shows selected
TEM images of an sPP sample (crystallized at 100
°C for 3 h) that was microtomed and stained. It is
very clear that lamellar structures are formed in
this fully crystallized sample (although X, is only
20% by mass). Two distinct features are seen in
these TEM images: (1) the average value of [,
(indicated by the light regions) is larger than the
average value of /, (indicated by the dark regions)
in the stacks and (2) the lamellar distribution is
not completely space-filled because there are
large amorphous domains present between the
lamellar stacks. The dark regions represent the
amorphous phases, as they are stained by RuO,,
enhancing the TEM contrast. The average value
of I, is less than 27 A, and the average value of [,
lies between 64 and 82 A. These results are con-
sistent with the SAXS results shown in Figures
3(a) and 4(a) (crystallized at 101 °C for 138 min).
In Figure 3(a), the final average lamellar thick-
ness is approximately 60 A because of the thinner
lamellae formed during secondary crystallization,
making the average lamellar thickness smaller
than the mean lamellar thickness seen in TEM.
As a result, we feel confident that the lamellar
thickness in sPP is larger than the product of X,
(from WAXD) and L (from SAXS), as the sPP
morphology is not space-filled. The TEM result
supports our early assertion that the correct
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illustrate the start and end times for primary crystallization, (¢) subsequent melting
endotherms of sPP at 2 °C/min after isothermal crystallization at specified tempera-
tures, and (d) subsequent melting endotherms of sPP at 10 °C/min after isothermal
crystallization at specified temperatures. The dotted lines in Figure 9 (c,d) indicate the

transitions of interest.

value of [, is the larger thickness value obtained
by the SAXS analysis. This assignment is the
opposite of that in recent articles by Strobl and
coworkers (sPP),1%3132 who used the small value
as [.. As a result, their explanations for the crys-
tallization and melting behavior in sPP are com-
pletely different.

CONCLUSIONS

Morphological and structural parameters (L, [,
lay @, X, Looo, Lotg, @, and b) during the isother-

mal crystallization and subsequent melting of
sPP were investigated by simultaneous time-re-
solved SAXS/WAXD with synchrotron radiation.
These parameters were compared with the mul-
tiple melting behavior observed by DSC. TEM
was also used to reveal the real space information
of the crystal lamellae. The SAXS results indicate
that the decreases in L and [, are related to the
formation of thinner secondary crystal lamellae
between the primary lamellar stacks during iso-
thermal crystallization. However, the decreases
in a and b (from WAXD) during crystallization
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tained by polynomial fitting) during melting (2 °C/min).
The relative standard deviations for the melting point
and enthalpy are less than 0.5 and 2%, respectively.

can be related to crystal perfection. A clear two-
stage melting process was seen in the changes in
the morphological parameters (@, X_, L, and [.)
during subsequent melting, and this behavior is
consistent with the multiple melting behavior in
DSC. The two dominant melting endotherms in
DSC can be attributed to the melting of primary
lamellae (T',,;) and the melting of recrystallized
lamellae (7',,,). An additional small endotherm
located at the lowest temperature was also de-
tected that might have been due to the melting of
the thinner secondary lamellae. TEM of the fully
crystallized sPP sample revealed a clear lamellar

morphology, which is consistent with the SAXS
results. The average crystal thickness estimated
from TEM confirms that the larger thickness (;)
calculated from the correlation function should be
assigned as the lamellar thickness.
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at 100 °C for 3 h as observed by TEM [Fig. 11(a,b)
represents different locations in the sample].
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